In order to develop a highly efficient method for mass production of triploid Pacific abalone Haliotis discus hannai, caffeine treatment that is safe and inexpensive was optimized. To suppress the first meiotic division, fertilized eggs were exposed to either a 10-or 15-mM caffeine solution for 24 min beginning at 12 min after fertilization. In most treated batches, the rates of cleaved eggs showed no significant difference from the control batches. However, in most treated batches, the rates of occurrence of normal larvae and the survival rates of the early juveniles were significantly lower than those of the controls. The triploid rates at 6 days to 11 months after settlement in all the treated batches were extremely high (91-100%). There was no significant difference in the mean triploid rates between 10-and 15-mM caffeine treatments. These results suggest that both treatment conditions were conducive to triploid abalone production. One live 2n/3n mosaic specimen was found in the treated batches. However, since the frequency of mosaic was extremely low, the mosaicism would probably not have an adverse effect on the stable production of triploid abalones.
INTRODUCTION
The abalone, which is an economically important marine product in Japan, China, Australia, New Zealand, and some other countries, has been studied to use triploidy for aquaculture, because superior growth of induced triploid abalones has been expected. [1] [2] [3] [4] For the mass production of triploid abalone in commercial hatcheries, large quantities of eggs must be treated simply, cheaply, and safely because the treatment must not damage either humans or the natural environment. Cold 1, [5] [6] [7] and hot 5 treatments for triploid induction are safe because no chemicals are used. However, these treatments require an optimal treatment temperature to be maintained in a large volume of sea water in order to treat a large quantity of eggs, and expensive large-scale equipment to control water temperature is needed. Pressure treatment 5 is also considered safe, but specific equipment, a French press, is required and it is usually difficult to treat many eggs on a commercial scale because the pressure cell has limited volume. Chemical treatments such as cytochalasin B (CB) 1, 4, 8, 9 and 6-dimethylaminopurine (6-DMAP) 2, 4, [10] [11] [12] are simpler than physical treatments because specific equipment is not required. However, CB is highly toxic, and careful handling is necessary. Moreover, both CB and 6-DMAP are very expensive and not realistic for large scale treatment in commercial hatcheries.
Caffeine treatment combined with temperature shock has shown successful triploid induction in some bivalves [13] [14] [15] and abalone. 16 Caffeine, a chemical that is a recognized food constituent in many countries, is safer and cheaper than either CB or 6-DMAP. Therefore, caffeine is a promising agent for the mass production of triploids. However, if caffeine treatment requires combination with temperature shock for the mass production of triploids, a large-scale temperature control system is still necessary. Triploid induction by caffeine treatment only is more useful, but it has been reported exclusively in bivalves by Scarpa et al. 17 However, the rate of triploid induction was lower than that by CB treatment performed at the same time.
In our previous studies, 18, 19 caffeine treatment without combined temperature treatment was effective for the induction of triploid abalone. However, these studies were inconclusive because the resulting triploid rates were estimated in mixed samples comprising many larval individuals before settlement. In order to verify the efficacy of caffeine treatment for the induction of abalone triploids, triploid rates at the juvenile stage after settlement should be estimated based on the ploidy examination of each individual. In the present study, as an extension of our previous work, 18, 19 we report that induction of triploid Pacific abalone Haliotis discus hannai by caffeine-only treatment is highly efficient.
MATERIALS AND METHODS

Triploid induction and larval rearing
Pacific abalone egg and sperm specimens were obtained from 12 mating groups by artificial spawning 20 in the hatchery of the Marine Development Co., Iwate, Japan. Then, 635 000-4 880 000 fertilized eggs from each mating group were divided into control and treatment batches and maintained in filtered sea water (20 Ϯ 0.5°C). Fertilized eggs of the experimental batches were collected 5 and treated with sea water containing either 10 or 15 mM caffeine to suppress the first meiotic division 18, 19 as follows. These mating experiments for triploid induction were performed in 2001 (mating nos. 101, 102, . . . 100 + n) and 2002 (mating nos. 201, 202, . . . 200 + n). In the treated batches, the eggs from mating nos. 117, 118, 119, 120, 121, 201, 202, 204, 209, 212, 217, and 219 were exposed to the caffeine solution for 24 min beginning at 12 min after fertilization at 20 Ϯ 0.5°C. 19 The control batches had no caffeine treatment. Detailed data of the treatment conditions in each treated batch are shown in Table 1 . After treatment, the control and caffeine-treated eggs were transferred to a 20-L plastic tank and rinsed five or six times with 20 Ϯ 0.5°C filtered sea water to remove excessive spermatozoa and chemicals. These eggs were then incubated at 20 Ϯ 1°C. Two hours after fertilization, the rates of cleaved eggs in control and treated batches were estimated. 18, 19 From 18 to 20 h after fertilization, the hatched larvae were collected and transferred to a different 20-L plastic tank to separate them from undeveloped eggs, which sank to the tank bottom. These collected larvae were reared at 20 Ϯ 1°C in an incubation room; the rearing sea water was changed twice per day until settlement (three days after fertilization). On day 3 after fertilization, the larvae from each batch were collected and the proportion of normal larvae was estimated.
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Larvae settlement and juvenile rearing
In 2001, for the purpose of larval settlement, all surviving larvae in each treated batch derived from mating nos. 117, 118, 119, 120, 121, and the control batches derived from mating no. 121 were either left unmixed or mixed with larvae from other treated batches (Table 1) . The larvae were then released into 1-t tanks (20 Ϯ 1°C) that contained 180 microalgal-colonized settlement plates (vinyl chloride, 330 mm ¥ 330 mm). After settlement, the juveniles were reared at a temperature of 17-21°C in accordance with standard methods of abalone culture. In order to determine the ploidy status, between 8 and 11 months after settlement, samples of epipodial tentacle tissue were collected 21 from juveniles of the treated and control batches (settlement groups A, B, C, and D, Tables 1  and 2 ) for biopsy analysis using flow cytometry (see next section).
In 2002, three days after fertilization, the larvae from mating nos. 201, 202, 204, 209, 212, 217, and 219 in treated and control batches were collected and released separately into 20-L plastic tanks containing 16 microalgal-colonized settlement plates (vinyl chloride, 330 ¥ 160 mm) ( Table 1) . At six days after settlement, the early juveniles from the control and treatment batches that adhered to the settlement plates were counted. At 6-22 days after settlement, the early juveniles of the treated batches derived from mating nos. 201, 202, 204, 209, 212, 217, 219, and the control batches derived from mating nos. 201, 202, 204, 217, and 219 were analyzed by flow cytometry to determine ploidy status using the whole body of individuals.
Flow cytometry
For the early juveniles of the 2002 mating experiments, fresh or Carnoy-fixed individuals were placed into 1.5-mL microcentrifuge tubes and macerated using an ultrasonic generator (Handy Sonic, Tomy Seiko, Tokyo, Japan) for a few seconds with two or three drops of A solution (CyStain DNA 2 step extraction buffer, Partec, Munster, Germany). 22, 23 This solution containing the macerated 
Groups after settlement (see Table 1 ). ‡ Untreated control batches of D (see Table 1 
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cells was filtered into individual 3.5-mL plastic tubes (Partec) using a 50-mm mesh sheet (CellTrics filter, Partec). The B solution (CyStain DNA 2 step staining solution, Partec) containing 4′,6-diamidino-2-phenylindole (DAPI) was then added to a final volume that was three times that of the filtered solution. The resulting solution was used for flow cytometry (Ploidy Analyzer, Partec) analysis according to the manufacturer's instructions. For the juveniles of the 2001 mating experiments, three to five pieces of epipodial tentacle were collected. 21 The tissues were agitated using a needle with A solution and, thereafter, treated for flow cytometry using the method described above. The mode of fluorescence intensity in the histograms obtained by flow cytometry analysis was compared with that of diploid specimens, which enabled the ploidy status to be determined.
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RESULTS
Rates of cleaved eggs in the control and caffeinetreated batches for each mating group are shown in Table 1 . Under 10-and 15-mM caffeine treatment conditions, the rates of cleaved eggs in most mating groups showed no significant differences between the control and treated batches within the same mating group. Rates of occurrence of morphologically normal larvae in most treated batches with either the 10-or 15-mM caffeine treatment were significantly lower than for the counterpart control batches, as shown in Table 1 . In the seven treated batches derived from the 2002 mating experiment, survival rates from the larval stage to the early juvenile stage six days after settlement were significantly lower than for the counterpart control batches (Table 1) . Table 2 summarizes triploid rates obtained in this study. All treated groups in the 2001 mating experiments and the early juveniles in the 2002 mating experiments showed high triploid rates (91-100%). The one live 2n/3n mosaic specimen, which had both diploid and triploid cells in the same individual, was identified using the whole body of the individuals (mating no. 217, caffeinetreated) ( Table 2 , Fig. 1 ).
DISCUSSION
In most treated batches, the frequency of morphologically normal larvae and the survival rate of individuals from the larval stage to the early juvenile stage six days after settlement were significantly lower than those measured in the counterpart controls. These results suggest that the present caffeine treatment should influence development and resulting survival. Such low larval normality or viability is generally observed when other physical and chemical treatments are applied to induce abalone triploidy. 4, 5, 8, 9 Thus, the side-effects of the treatment on larval normality and survival are not specific to caffeine.
In this study, however, high triploid rates were observed in all the post-settlement early juveniles and juveniles of the treated groups. Because there was no significant difference in the mean rates between the 10-and 15-mM caffeine treatments (Table 2) , we concluded that both conditions are conducive to induce triploids in H. discus hannai. Since the high triploid rates were confirmed not in larvae but in the early juveniles and the 8-11 month-old juveniles, the present treatment conditions are optimal to the mass production of triploid abalone. In this study, since caffeine treatment without temperature shock adequately induced triploids and did not annihilate the individuals, high triploid rates were achieved even 11 months after the individuals reached the settlement stage. As described previously, caffeine treatment is simple, safe, and inexpensive. Therefore, this method can be applied for commercial production of triploid abalones in aquaculture. In the near future, aquaculture performance of triploid abalone induced by caffeine treatment should be examined and characterized for commercial use.
In the present study, we found a single living 2n/3n mosaic specimen in the treated group. Since the frequency of mosaic occurrence was extremely Caffeine treatment to induce 3n abalone
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low, the mosaicism has no adverse affect on the stable production of triploid abalone. Similar living heteroploid mosaic animals derived from polyploid inductions 24, 25 and normal or natural crossings [26] [27] [28] have been reported in fishes. The present study was the first to report the discovery of a living heteroploid mosaic among chromosomally manipulated abalone. The mechanism and origin of such mosaicism should be clarified in chromosomally manipulated abalone.
